Tomato golden mosaic geminivirus has a genome of two single-stranded (ss) DNA components, A and B. An almost identical 'common' region in DNA A and DNA B is thought to contain sequence elements controlling replication and transcription. Hence investigation of sequences important for DNA replication by in vitro mutagenesis is complicated by possible effects on the transcription of genes for replication proteins. To overcome this problem, transgenic plants expressing open reading frames (ORFs) of DNA A from an enhanced cauliflower mosaic virus 35S RNA promoter were constructed and tested for their ability to support the replication of DNA B and DNA B mutants. The results show that plants transgenic for ORF AL1 are able to support the replication of die doublestranded (ds) forms of DNA B, but that ORF AL2 is required in addition to produce ssDNA B. ORFs AL3, BL1 or BR1 were not required for replication of ds or ssDNA B. To the best of our knowledge this is the first time that essential replication proteins of a geminivirus have been expressed constitutively from a plant genome without giving rise to replicating DNA A molecules, thereby allowing DNA B to replicate alone. Such transgenic plants should enable not only the mutational analysis of sequence elements within the replication origin region, but also the construction of a new generation of vectors for gene amplification in plants, based on a minimal virus replicon.
INTRODUCTION
Tomato golden mosaic geminivirus (TGMV) has a genome of two circular single-stranded (ss) DNA molecules, DNA A (2588 nucleotides) and DNA B (2508 nucleotides) (1) . DNA A encodes functions required for virus DNA replication (2, 3) and can replicate in single cells in the absence of DNA B (4, 5) . DNA B, which is dependent on DNA A for its replication, is required for the virus to spread from cell-to-cell and through the plant's vascular system leading to systemic infection (4, 6) .
Analysis of the nucleotide sequence of TGMV DNA (1) shows six open reading frames (ORFs) with the potential to code for 100 amino acids or more, four on DNA A, designated AL1, AL2, AL3 and AR1 and two on DNA B, designated BL1 and BR1 (Fig. 1) . In vitro mutagenesis has shown that ORF AL1 is an absolute requirement for DNA replication in single cells and that ORFs AL2, BL1 and BR1 are required additionally for systemic infection of plants (2, 3) . Neither virus coat protein, encoded by ORF AR1 (7), nor ORF AL3 are required for replication in single cells or systemic infection, but mutations in either ORF lead to attenuation of symptoms (3, 8, 9) . TGMV coat protein replacement vectors have been constructed for amplification of genes in plants (10, 11) and for transient expression assays (12) .
There is an intergenic sequence of about 200 nucleotides in DNA A and DNA B, called the common region (Fig. 1 ) which is almost identical in DNA A and DNA B (1) . The common region is believed to contain origins of DNA replication as well as sequence elements controlling bidirectional transcription (1, 13) . Mutational analysis of cis elements within the common region controlling DNA replication is complicated by two factors. Firstly in a bipartite system, it may be necessary to make identical mutations in the common regions of both DNA components to prevent recombination between the common regions regenerating the wild-type sequence. Secondly any mutation in the common region could affect leftward transcription and hence alter DNA replication indirectly by altering the amount of the AL1 replication protein. These problems could be overcome by expressing the DNA A genes essential for replication from host chromosomal insertions, allowing DNA B to replicate alone. Furthermore such a system would enable us to investigate the specific requirements for the replication of DNA B which has not hitherto been possible. We have therefore constructed transgenic plants containing integrated copies of various combinations of ORFs AL1, AL2 and AL3 linked to an enhanced cauliflower mosaic virus (CaMV) 35S RNA promoter and tested these plants for their ability to support the replication of DNA B. We report that DNA B can replicate in transgenic plants expressing AL1 to produce the double-stranded (ds) DNA form, but that AL2 is also required for accumulation of the ssDNA form. We report also that ORFs AL3, BL1 and BR1 are not required for replication of DNA B.
METHODS

DNA Manipulations
Plasmid DNA was purified from Escherichia coli by the alkaline lysis method (14) and further purified by centrifugation to equilibrium in caesium chloride density gradients containing ethidium bromide. DNA manipulations and Bal31 exonuclease digestions were performed as described by Maniatis et al. (15) and Berger & Kimmel (16) . E. coli DH5-alpha cells (17, 18) were used as recipients for transformation. After cutting with restriction endonucleases, DNA was made blunt-ended by either Klenow fragment of DNA polymerase 1 or mung bean nuclease as described in Berger & Kimmel (16) . Xbal and BglU linkers (octomers from New England Biolabs) were ligated to blunt-ended DNA by the method of Lathe et al. (19) .
Plasmid Construction
The plasmid pJC2 + , containing the enhanced CaMV 35S RNA promoter and derived from pJC2, was a kind gift from Tony Day. pJC2 contains the 0.35 kbp Clal-HindUl CaMV 35S RNA promoter fragment (20) cloned into the Pstl site of the pBS+ phagemid (Stratagene). To create pJC2 + the upstream region of the promoter (nucleotides -343 to -90) was excised from this plasmid as a HindlU-EcoKV fragment and inserted into pJC2 between the HindUl -Sphl site (blunt) to create pJC2 + (21) . pCa35en. The enhanced CaMV 35S RNA promoter was excised from pJC2 + as a HindUl-Xbal mfragment and ligated between the HindUl and Xbal sites of pBI221 (22) . The beta-glucuronidase gene was then removed by cleaving with Sacl, blunt-ending with mung bean nuclease, cleaving with Smal and religating. The resultant vector pCa35en, containing the enhanced CaMV 35S RNA promoter and a nos terminater site separated by unique Xbal and BamHl sites, is shown in Fig. 1 . pCa35enALl. Plasmid pAX (TGMV DNA A cloned into the Xhol site of pEMBL9X (2) (9) . Leaf disc assays were carried out as described by Elmer et al. (3) . Generation ofTransgenic Plants. Mobilisation of Ti plasmid constructs into Agrobacterium tumefaciens strain LBA4404, plant transformations via the leaf disc method and the determination of copy numbers of double-stranded TGMV DNA forms have been previously described (9) (10) (11) . Genetic crosses were performed using standard procedures. Transgenic A2 and B2 plants have been described previously (9) . DNA extraction and Southern blot analysis. Total DNA was extracted from plants by the method of Uchtenstein & Draper (24) . Southern blot analysis was performed using Hybond-N Plus according to the manufacturer's instructions (Amersham Int.). RNA Extraction and Northern blot analysis. Total RNA was extracted from transgenic plants as previously described (24) . Poly (A) + RNA was further purified using oligo (dT)-cellulose (Sigma) as described in Berger & Kimmel (16) and electrophoresed through formaldehyde gels (25) . Northern blot analysis was carried out using Hybond-N Plus according to the manufacturer's instructions (Amersham Int.).
RESULTS
Production and analysis of transgenic plants expressing different combinations of TGMV DNA A ORFs
Nicotiana tabacum cv. Samsun plants were transformed using pBinl9ALl, pBinl9AL2 or pBinl9AL3 which contain ORFs AL1, AL2 orAL3 respectively flanked by a CaMV 35S RNA promoter with an additional enhancer and a nopaline synthase (nos) terminater (Fig. 1, rows 4, 5 and 6 ). For each construct a range of transformants was analysed and transformants with insertion copy numbers of about five were selected for further study. To check that each ORF was transcribed, polyadenylated RNA from each transformant was electrophoresed in an agarose gel, blotted on to Hybond-mN Plus membrane and probed with a DNA A-specific probe. In transgenic ALl plants, AL2 plants and AL3 plants the transcripts of 1.3 kb, 0.5 kb and 0.45 kb (Fig. 2, lanes 1 to 3) were of the size expected. An additional transcript of 1.0 kb was found in the ALl plants. AL1AL2 plants, AL1AL3 plants and AL1AL2AL3 plants were obtained from crosses of ALl XAL2 plants, ALl XAL3 plants and AL1AL2X AL3 plants respectively. Progeny containing the required combinations of ORFs were identified by DNA restriction analysis using DNA A probes. The transcripts detected in AL1AL2 plants (Fig. 2, lane 5) , ALl AL3 plants (Fig.2, lane 6 ) and AL1AL2AL3 plants (Fig. 2, lane 4) were the combinations expected from the parents of each cross. (Fig. 3) . No monomeric forms of DNA B could be detected in DNA from either of the parents of the cross (not shown). Hence expression of chromosomal copies of ORFs AL1 and AL2 is able to support the replication of DNA B.
Requirement of ORF AL2 for the accumulation of ssDNA
To investigate the specific requirements for replication of DNA B, the following crosses between transgenic plants were performed: AL1XB2; AL2XB2; AL3XB2; AL1AL2AL3XB2; AL1AL3XB2. From the progeny, plants containing TGMV-specific DNA from both parents of each cross were selected by DNA restriction analysis. DNA from the plants was then examined by agarose gel electrophoresis, Southern blotting and hybridisation with a DNA B-specific probe (Fig. 4) 
ORFs BLl and BRl are not required for the replication of DNA B
It has previously been shown that mutants of DNA B, which contain linker insertions that considerably shorten the length of ORFs BLl (BL1011Q or BRl (BR1011C) abolish their ability (in combination with wild type DNA A) to infect plants systemically (2) . It was deduced that these ORFs are required for transport from cell-to-cell and through the plant's vascular system. However it remained possible that one of these ORFs is required specifically for the replication of DNA B.
Elmer et al. (3) showed that when leaf discs of Nicotiana spp. were inoculated with agrobacteria carrying a Ti plasmid vector containing a dimer of DNA A (agroinoculation) and then cultured, formation and replication of DNA A occurred in the resultant callus tissue. Agroinoculation of leaf discs with mutants of DNA A was used to define the DNA A ORFs required for replication of DNA A, but the technique has not been used hitherto to study the replication of DNA B. Making use of our demonstration that DNA B is able to replicate in transgenic AL1AL2AL3B2 plants or AL1AL2B2 plants, we have adapted the technique to test the possibility that either ORF BLl or ORF BRl is required specifically for the replication of DNA B.
Leaf discs of transgenic AL1AL2AL3 plants were agroinoculated using a Ti plasmid vector containing either a dimer of DNA B (pBinl9B2) or a partial dimer of the DNA B mutants BR1011C (pBinl9B1.3BR1011; Fig. 1, row 7) or BL1011C (pBinl9B1.3BL1011; Fig. 1, row 8) . After culturing, DNA was extracted, electrophoresed in an agarose gel, Southern blotted and probed with a DNA B-specific probe. The results (Fig. 5) show that the open circular and supercoiled ds forms and the ss form of DNA B are produced after agroinoculation with wild type DNA B or with either of the mutants. Hence neither ORF BL1 nor ORF BR1 is an absolute requirement for the replication of DNA B.
DISCUSSION
We have shown that transgenic plants containing chromosomal insertions of ORFs AL1 and AL2 each expressed from an enhanced CaMV 35S RNA promoter can support the replication of DNA B. The amount of DNA B in such transgenic plants was about a third of the amount that is found in normal TGMV infections and the plants were asymptomatic. These and other transgenic plants with different combinations of ORFs have enabled us to determine the ORFs required for the replication of DNA B.
The products of replication, i.e. the ssDNA form and open-circular and supercoiled dsDNA forms of DNA B, were the same in AL1AL2B2 plants as in AL1AL2AL3B2 plants (Fig. 3 and Fig. 4, lanes 2 and 10) indicating that ORF AL3 has no detectable effect on the products of replication of DNA B. It had previously been shown that mutations in DNA A which shorten the length of ORF AL3 do not prevent replication of DNA A and DNA B together (3) .
Comparison of the products of replication in AL1AL2AL3B2 plants (Fig. 4 , lane 10) and AL1AL2B2 plants (Fig. 4 , lane 2) with those in AL1AL3B2 plants (Fig. 4, lane 11 ) and AL1B2 plants (Fig. 4, lane 7) shows that only the double-stranded forms of DNA B were detected when ORF AL2 was absent. This shows that ORF AL2 is required for the accumulation of ssDNA. As suggested previously (3), the product of ORF AL2 could be a single-stranded DNA binding protein. If replication of TGMV ssDNA occurs by a rolling circle mechanism, the AL2 protein could bind to the newly formed ssDNA preventing its conversion to dsDNA. In the absence of the AL2 protein, any ssDNA formed would be converted to dsDNA. It is noteworthy that phage M13 gene 5 protein serves a similar purpose in the replication of M13 ssDNA and that no ssDNA accumulates in cells infected by gene 5 mutants (26) .
It has been shown that mutants of TGM V in which the coat protein gene has been deleted or replaced by a reporter gene give rise to normal amounts of ssDNA either in transgenic plants in which the mutant DNA A is replicating alone (9-11) or in plants infected systemically with mutant DNA A and DNA B (8) (9) (10) (11) . Hence the TGMV coat protein is not required for accumulation of ssDNA or for its transport through the plant. Since ORF AL2 has been shown to be essential to produce a systemic infection (12) , it seems likely that an AL2 protein/ssDNA or an AL1 protein/AL2 protein/ssDNA complex is the entity which is transported through the plant, even when the virus coat protein and virus particles can be produced. It has been suggested that leftward transcription is an early event in TGMV replication (1) . If the AL2 protein is produced early, AL2/ssDNA complexes may be formed and transported from cell-to-cell before the virus coat protein (produced by rightward transcription and a presumed late function) and hence virus particles have been formed.
Elmer et al. (3) reported that both ssDNA and dsDNA were formed after infection of leaf discs with DNA A mutants in which most of ORF AL2 had been deleted, although the mutants seemed to show consistently reduced amounts of ssDNA forms. In contrast we detected no ssDNA B in the absence of AL2. The difference probably lies in the presence of the coat protein gene in the AL2 mutants and its absence in DNA B. In infections with the AL2 deletion mutants, it is likely that any ssDNA formed early in infection is converted to dsDNA. However late in infection, ssDNA produced would be encapsidated by the coat protein. In infections of AL1 plants or AL1AL3 plants with DNA B, both AL2 and coat protein are absent. Hence ssDNA formed both early and late in infection would be unprotected and hence be converted to dsDNA.
The results of infection with the DNA B mutants show that neither ORF BL1 nor ORF BRl is required for replication of DNA B (Fig. 5) . The amounts of ssDNA and dsDNA forms of DNA B produced on infection with the BRl mutant (lanes 2 to 5) were similar to that of wild-type DNA B (lane 1), but were reduced to about a third that of the wildtype on infection with the BL1 mutant. This could be because the BL1 protein, although not an absolute requirement for DNA replication, acts as an enhancer of DNA replication. However a more likely explanation is that a certain amount of cell-to-cell transmission of the DNA is possible in the leaf disc after agroinoculation with wild-type DNA B, so that replication occurs in cells other than those directly inoculated. A similar explanation was proposed to account for the higher levels of DNA A replication in agroinoculated leaf discs of transgenic B2 plants than in those of non-transgenic plants (3). Our results suggest that such cell-to-cell transmission is unimpaired in the BRl mutant, but is reduced or prevented in the BL1 mutant. Hence the BL1 protein would play a direct role in cell-tocell transmission in leaf tissue; the BRl protein which is also required for systemic infection of plants (2) could play a role in spread through the vascular system of the plant.
We have recently constructed vectors based on TGMV DNA for gene amplification in plants in which the coat protein gene was replaced by a reporter gene (10, 11) . The availability of transgenic plants in which all the ORFs required for replication are expressed as non-replicating units from chromosomal insertions (in contrast to A2 plants in which replicating DNA A circles are produced, refs 4,10) will enable a new generation of vectors to be constructed containing only the replication origin, a cloning site and, if desired, a reporter or selectable marker gene. Such vectors should be useful not only for studies of gene amplification and expression in plants, but also for the mutational analysis of the replication origin region. Furthermore they would provide a significantly improved degree of biological containment, since they would be able to replicate only in plants containing the appropriate replication genes.
